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Abstract

Thisintroductory course ams at a reasonably complete coverage of

beam diagnostic devices used in linear and circular accelerators and

in primary beam lines. The weight is on the concepts and the
indication of variants, while for technical details the reader is

referred to the literature.

1. INTRODUCTION
Beam diagnostics is an essential constituent of any accelerator. These systems are

our organs of sense that let us perceive what properties a beam has and how it
behaves in a machine. Without diagnostics, we would blindly grope around in
the dark and the achievement of a beam for physics-use would be a matter of
sheer luck (some accelerators have at some time been close to such a situation!).
As the saying goes: an accelerator is just as good as its diagnostics.

Beam diagnostics is arich field. A great variety of physical effects are made use of,
imagination and inventiveness find a wide playground. Therefore, there exists today a vast
choice of different types of diagnostic devices, each usually in many variants.

Two hours of lecture time do not permit an in-depth coverage of dl devices on the
market, but to present only a selection would not fulfill the purpose of this course. The choice |
have madeisto aim for areasonably complete coverage of diagnostic devices currently used, a
the expense of detail. We will thus concentrate on the concepts and indicate the variants that
exist and refer to the literature for details.

Also, we will limit ourselves to diagnostics used on accelerators and on gected primary
beams and leave aside detectors for secondary beams, downstream from a target, onther
transport to an experimental set-up. As a further economy measure, we will aso leave aside
associated electronics, analogue signal treatment and digital data treatment, although these are
subjects of great importance to beam diagnostics.

There are subjects which have been treated in other lectures, e.g. synchrotron radiation,
which permits usto be briefer on those. Very specidized measurements, such as that of beam
polarization or those at the final focus of colliding linacs, are beyond theaim of an introductory
course and will be just mentioned for compl eteness.

When setting out to describe a large number of diagnostic devices, one first tries to
establish a systematic order. One could proceed according to the properties measured (intensity,
position, etc.). Or one could classthe devices as electromagnetic, using secondary emission,
etc, or as destructive and non-destructive. However, none of that makes much sense. Many
devices can measure more than one property, their variants may make use of different physical
principles and the distinction between destructive and non-destructive often depends on
circumstances.

| have therefore drawn up amatrix (see Table 1) listing the devices to be discussed and
the properties they can measure. And now we will forget about classification and get on with
the description in a sequence that is didactically convenient.
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Only the most basic measured properties are shown. There are many more, less
basic,which can be derived: coupling, dispersion, chromaticity, etc.

Note that to determine emittance (transverse or longitudinal), knowledge other than
that obtained from the basic measurement isrequired.

The oscillatory behaviour of the beam is observed through the time-dependance of
properties (like position, size/shape, energy), often on avery fast time scale.




2. DESCRIPTION OF DIAGNOSTIC DEVICES

2.1 Beam transformers

Apart from the sheer proof of its existence, the most basic measurement on a beam is
that of itsintensity. A widely used device is the "beam transformer” (an older name, Rogowski
coil, is still sometimes used) which allows one to determine the electric current that a beam
constitutes or, depending on the circumstances, the electric charge contained in a burst of beam
[1,2]. Figure 1 shows the principle.
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Fig. 1 Principle of the beam transformer.
In order for the transformer to see the magnetic field produced by the beam, it must be mounted
over aceramic insert in the metallic vacuum chamber. The ferromagnetic core iswound of high-
permesability metal tape or made of ferrite, to avoid eddy currents. Bandwidths exceeding
100 MHz can thus be achieved. An idedlized transformer with a secondary winding of
inductance L and connected to an infinite impedance would deliver as signal avoltage

dly

V=L
dt

which, as Fig. 2 shows, is "differentiated" and not very practical to use.

In redity, the ferromagnetic corehas losses proportional to £ (f = frequency), the
secondary has a stray capacity Cs and is terminated with afinite resistance R (Fig. 3).
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Fig. 2 Signa from an idealized transformer into an infinite impedance.
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Fig. 3 Real beam transformer with stray capacity Cs and termination R.







The signal now shows a much more useful behaviour (Fig. 4). Provided the length of a
beam bunch islonger than the transformer's rise time and shorter than its droop time, the signal
will be agood reproduction of the bunch shape.
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Fig. 4 Signal from real transformer.
When instead of a single bunch along string of bunches passes through the transformer,
as is aso the casewith a circulating beam, the droop will affect the base line (Fig. 5). When

equilibrium has been reached, equal areas of signa will be above and below zero. Thus, the
level of the base line isameasure for the dc component of the beam current.
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Fig. 5 Droop of base linein the transformer signal.

For abeam circulating in amachine, the succession of bunches seen by the transformer
will be much longer than its droop time. Therefore, to obtain a signal representing the beam
intensity, one has to eectronically treat the transformer's signal such that the effective droop
time is much longer than the time that the beam circulates. At the same time, this increases the
signal rise time, so that the bunch structure will disappear. Such a treatment is often called a
"low pass' or "integration”. Figure 6 shows three commonly used methods.

Since integration makes the bunch structure disappear anyway, it will also produce an
intensity signal for an unbunched beam, without any longitudinal density structure, provided
that signal observation begins before injection of the beam.
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Fig. 6 Integration of signal from a beam transformer.

a) Simple RC circuit. b) Inductive feedback (Hereward transformer).
c¢) Capacitive feedback (Miller integrator).



Adding a simple RC may sometimes suffice, but in general, the time constants will be
too short and/or the signal too attenuated. Feedback integrators[1,2] alow time constants
above 1000 s to be achieved, while maintaining good signal level. They are widely used on
circular accelerators, where cycle times are of the order of seconds.

In a storage ring, however, the beam may circulatefor hours. Indeed, 999 h, or
42 days, is the longest abeam has circulated uninterrupted (in the Antiproton Accumulator a
CERN). No integrator can cope with that, a true dc beam current measurement isneeded. Such
adevice [3,4] was developed for the ISR (the CERN Intersecting Storage Rings), the first
machine to sustain beams for hours. Figure 7 showsiits principle.
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Fig. 7 Basic scheme of adc beam transformer and rectangular hysteresis of core material.

A modulator sends a current a several 100 Hz through the excitation coils of two
ferromagnetic rings, such that they are excited in opposite directions. The pick-up coils
mounted on the rings are connected in series, their sum signal, Vs, will thus be zero. The rings
are made of amaterial with rectangular hysteresis. When a beam current I passes through the
rings, it introduces a bias in the excitation of the cores, Vs will no longer be zero and the second
harmonic of the modulator frequency will appear in it, which the demodulator convertsinto adc
voltage. This controls a power supply, sending a current I through a compensating winding on
the two rings. Equilibrium is reached when the compensating current | cancels the beam
current lp. The final measurement is that of Ic. Proton currents of over 50 A have been
measured with such a dc beam transformer, aresolution of better than 1 pA has been achieved
and the zero drift over aweek is of the same order.

Such dc beam transformers have become commercially available, for various ranges of
current and sengitivity.

2.2 Wall-current monitors

One may want to observe the bunch shape at frequencies far beyond the few 100 MHz
accessible with beam transformers. The bunches may bevery short, as is often the case with
electrons or positrons, or they may have a structure in their line density, caused by intentiond
processes or by instabilities.

Wall-current monitors with a bandwidth of several GHz have been built [5,6,74,75].
Their principleis quite smple (Fig. 8a) :
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Fig. 8 a) Principle of wall-current monitor. b) Separate pick-up of signals to observe beam
position.

A modulated beam current Iy is accompanied by a "wall current”, Iy, which it induces
in the vacuum chamber, of equal magnitude and opposite direction. An insulating gap forces the
wall current to pass through the impedance of a coaxia cable. The gap may also be bridged
with resistors, across which a voltage is picked up. To avoid perturbation through
circumferential modes, the wall current (or the gap voltage) is picked up a severa points
around the circumference and summed. When the beam is not & the centre of the vacuum
chamber, the wall current will be unequaly distributed around the circumference of the
chamber. Separate pick-up and separate observation (Fig. 8b) [6] will thus also show the beam
position with GHz bandwidth.
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Fig. 9 Gap of wall-current monitor with shield and ferrite loading.

A conducting shield must be placed around a wall-current monitor. Without it,
troublesome electromagnetic radiation from the beam would lesk out throughthe gap and the
monitor itself would be perturbed from the outside. Of course, the shield constitutes ashort-
circuit a low frequencies and thus severely limits the lower end of the monitor's bandwidth.
Loading the volume of the shield with ferrite increases the inductance and the cut-off can be
lowered to some 100 kHz, sufficient for undifferentiated observation of bunch shape in most
accelerators.

2.3 Position pick-up monitors (PU)

The measurement of transverse beam positionisafield of particularly great diversity. A
glance at Table 1 shows a host of detectors, based on various physical effects. The ones treated
in this chapter are of three kinds (see [75] for an excellent tutorial overview) :

- electrogtatic,
- magnetic,
- electromagnetic.

Widely used, in particular on circular accelerators with not too short bunches, is the
electrostatic PU [7, 8, 9, 10]. Inits smplest form it resembles a diagonally cut shoe-box
(Fig. 10 4, b). A combination of a horizontal and a vertical PU isshownin Fig. 11.



bearn S ‘} Abeam S Abeam
Uy Ur Uy
—~— . S — - -~
X
a b. 0w - C 0

Fig. 10 a) Diagonally cut "shoe-box" PU. b) Basic geometry and tapping of signals.
c) A variant which allows interleaving of a horizontal and a vertical PU.

As it passes through, the beam will induce electric charges on the metalic electrodes,
more on the one to which it is closer, less on the other, but their sum remaining constant,
independent of beam position. The induced charges can be carried away for measurement into a
low-impedance circuit or be sensed on a high impedance as a voltage on the capacity between
the electrode and the surrounding vacuum chamber. The effect being linear, the position of the
beam with respect to the PU centre isreadily derived :

w=WUr-U_
2 UR + U|_
Frequently, the jargon terms"A" and "2" areused : A = UR - UL and Z = UR + UL.
Using them :
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Fig. 11 Combination of a horizontal and a vertical PU, mounted in the vacuum
chamber of the Antiproton Accumulator at CERN.

The linear relation holds for any shape of the electrodes aslong as, projected onto the
plane in which the position is measured, the length of the electrodes is a linear function of the
distance from the axis. The shape of the electrodes may thus be deformed to suit practicd



requirements [11]. A variation is shown in Fig. 10c, where the gapleft free alows the
placement of two further electrodes for the orthogona plane. However, athough Ur - U 4till
depends linearly on beam position, Ur + U|_ is no longer independent of it. For normalization,
the sum of all four electrodes must be used.

Edge effects at the ends of the electrodes may impair the linearity [12]. To avoid them,
one either designs the electrodes to have the same cross-section as the vacuum chamber to either
end of them, or one provides cross-sectional continuity by adding guard electrodes a both
ends.

In electron and positron machines, no electrodes can be tolerated in the mid-plane : there
they would be hit by the synchrotron radiation and the resulting secondary electron emission
would perturb the signal. So-called "button” electrodes [13, 14, 15, 76] are used, housed in
recesses (Fig. 12a).
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Fig. 12 a) PU with "button" electrodes. b) Magnetic PU.

Compared with the shoe-box PU, for the measurement of horizontal position U; + U3z
replaces U, , and Uy + Uy replaces Ur, similarly for the vertica plane. The response to
position is not linear and the two planes are interdependent. Careful calibration and consequent
data treatment on the signalsis necessary.

In proton machines too, secondary emission from the electrodes can be a problem when
strong beam loss occurs. In such a situation, a magnetic PU [16] may be chosen (Fig. 12b).

In single-ring colliders, two beams, one of particles, the other of anti-particles, are
circulating simultaneously, in opposite directions. "Directiona couplers' [17, 18, 19, 20]
permit the selective observation of only one of the beams in the presence of theother. The
principleis shown in Fig. 13a

The beam acts in two ways on the strip electrodes of the coupler. Firstly, the eectric
charge of the passing beam induces a charge on them. Secondly, part of the magnetic field,
created by the beam current, passes between the strip and the vacuum chamber and induces a
voltage. These two effects add for the direction of the beam shown in Fig. 13a, and cancel for a
beam of opposite direction.

Four strips (Fig. 13 b), after suitable formation of sums and differences of the signals,
give the horizontal and vertical beam position. The sengtivity of such a PU depends on
frequency as (sin f) with the maximum where the strip length corresponds to a quarter wave
length. The response can be influenced by giving the strips more sophisticated shapes[18].

A "wave-guide coupler" (Fig. 14), [21] can beused, usually on eectron and positron
linacs, to observe extremely short bunches (<< 1 nsec). The beam passing through it sets off a
wave which propagates to the left and the right where it is picked up by small loops on the
inside of the wave guide. The position is not derived by comparing the magnitude of U and
UR, but by comparing their phase : x ~Ad
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Fig. 13 a) Principle of directional coupler. b) Cross-section with four coupler strips.
c) Frequency response.
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Fig. 14 Wave-guide coupler. Beam position affects the right/left path-lengths of the induced
wave, resulting in a phase difference between U, and UR .

To measure the closed orbit in acircular accelerator, many PUs are arranged around the
circumference. A rule-of-thumb says that a least four position measurements per betatron
wavelength are required to see closed orbit distortions sufficiently well. E.g. a Q-vaue around
3.5 demands at least 14 PUs, uniformly spaced not in linear length but in betatron phase
advance. From that minimum one will then go up to the nearest number that fits with the
periodicity of the machine for aregular pattern of installation.

Specia kinds of PU have been conceived to obtain information on the shape of thebeam
[22, 23, 24], in terms of aspect ratio between its horizontal and vertica size. This is a very
tricky task and quantitatively satisfactory results are difficult to obtain.

2.4 Faraday cup

Conceptually the smplest way to measure beam current is to capture the beam and let
the current flow through some kind of meter. Historically, thiswas also the first method used.
Itisstill employed at low energies, where the obvious condition of the thickness of the collector
plate being greater than the stopping range of the beam particles can be easily fulfilled. Here are
some ranges for protons in copper :

500 keV pre-accelerator : Cockceroft-Walton or RFQ 0.003 mm
5MeV van de Graaff generator 0.08 mm
50 MeV injector linac 4 mm
200 MeV injector linac 43 mm
1GeV small synchrotron 520 mm

Capture of the beam with a smple collector plate suffers from perturbation through
secondary electron emission. Electrons liberated from the collector surface escape into the
surroundings, thereby contributing in an uncontrolled way to the current flowing through the
meter. The use of a Faraday cup (Fig. 15) prevents this from happening. The collector is
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housed in a box with a hole to let the beam inand at a negative potential of a few 100 V to
drive the secondary e ectrons back onto the collector.

beam

—

1

Fig. 15 Faraday cup.
2.5 Secondary-emission monitors (SEM)

At this point, the reading of Appendices 1 and 2 isrecommended. They cover some
features common to the detectors described in this and several following sections.

A SEM makes use of the phenomenon that under the impact of the beam particles on
some solid material electrons are liberated from the surface, thus producing aflow of current.

—o signal

-
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Fig. 16 a) Basic SEM : foil with clearing electrodes, seen sideways. b) A SEM consisting of an
array of ribbons, seen in beam direction. ¢) Transverse beam profile obtained from
an array of ribbons or wires.

When the intercepting materia is a foil (Fig. 16 a), electrons are liberated from both
sides. Since this is a surface phenomenon, the secondary emission coefficient will not only
depend on the material but also, often even critically, on the state of cleanliness of its surface.

The provision of a "clearing field" of afew 100 V/cm is essential to ensure that the
liberated electrons are rapidly cleared away. Otherwise, an electron cloud may form over the
foil surface and impede further emission.

Fig. 17 A SEM made of thin ribbons attached to contacts on a ceramic frame.
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A SEM in the form of an array of thin ribbons (Figs. 16b and 17) is a much-used device
to measure transverse density distribution [25]. Sequentia display of the signals from the
ribbons gives the beam profile (Fig. 16c). To enhance the signal drength, either the individua
ribbons or the whole array may be inclined with respect to the beam direction, thus presenting a
greater effective surface. When signa strength is not a problem, the array and the clering
electrodes may be made of thin wires. This makes it a nearly non-destructive profile monitor (at
least for single passage, not for a circulating beam).

2.6 Wire scanners

When a SEM, made of several wires, disturbs the beamtoo much, mostly through
multiple Coulomb scattering, asingle wire may be moved across the beam. This can be done in
steps and areading istaken, e.g., at every pulse of alinac.

A fast moving wire can be used even on acirculating beam [26, 27, 28, 29]. Speeds of
20 m/s have been obtained with a 50 um diameter Be wire, which allowed profiles to be
measured on an 800 MeV proton beam with acceptably small emittance increase (Fig. 18).

Fig. 18 Fast wire scanner. The wire, extended between the tips of the lightweight arms, is only
50 um in diameter and thus barely visible.

Wire scanners too need a clearing field in order to obtain a consistent signal. The
clearing electrode will be situated well outside the beam cross-section.

An dternative is not to use the secondary emission current at al but to place radiation
detectors at the outside of the vacuum tank in which the wire moves and look at theproducts of
the collisions between beam particles and wire materia (y and secondary particles). This may
require thin partsin the wall of the tank, and the signal from two or more radiation detectors to
be summed to render the sensitivity independent of wire position.

2.7 Multi-wire chambers

These detectors, taken over from high energy physics [30], find some application on
beams of very low intensity. At LEAR (the CERN Low Energy Antiproton Ring) for example,
by means of an "ultra-slow extraction”, on average as little as one antiproton can be geted per
revolution, yielding beams of less than 10° 1vs.

gas ooooo?ooooooo >(‘af/§0def0i/$

Yanode wires

Fig. 19 Multi-wire chamber. Typicaly, the distance between the cathode foilsis 10 mm, t he
distance between wires 1 mm, their diameter 5to 50 mm and their potential + 5kV.
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Electrons produced in the gas by the passing beam particles will travel towards the
nearest wire. In the high gradient close to the wire they experience strong acceeration and
create an avalanche. A wire chamber can be used in counting or in proportional mode. The
distribution of counting rate or signal height over the wires represents the beam profile.

2.8 lonization chamber

This is a gas-filled, thin-waled chamber with a collector electrode inside. Particles
passing through it will ionize the gas, the ions will travel towards the cathode, the eectrons
towards the anode and a current can be measured (Fig. 20). The voltageshould be in the
"plateau’ region where all charges are collected but no avalanche occurs.
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Fig. 20 a) lonization chamber. b) Collection efficiency vs. voltage.

lonization chambers are used to measure very low beam intensities and asbeam loss
detectors (see section 2.9).

2.9 Beam loss monitors (BLM)

Although they do not measure a beam property, the information which they supply is
most valuable for the practical operation, in particular of high intensity machines, where the
loss of a minute fraction of the beam, too small to be reiably measured with beam
transformers, causes intolerable levels of radiation and/or induced radioactivity of components.
High intensity machines are therefore equipped with a large number of BLMs around their
circumference to indicate the location and magnitude of losses for remedial action, sometimes in
afast, automatic way.

On acceerators employing superconducting magnets, the heat deposited in the
superconductors by the loss of even minute fractions of thebeam can cause a "quench”, that is
the loss of superconductivity of a part of the magnet coil, with potentialy disastrous
consequences. There, BLMs are indispensible elements in the safety chains which dump the
beam in a safe way before the losses can rise to dangerous levels.

Calibration in terms of number of particleslost isusually obtained by intentional |oss of
ameasured fraction of the beam but is neither easy nor very precise. Besidesthe pure statement
of loss, BLMswith afast response yield information on its cause and mechanism.

Three widely used kinds of BLM will be briefly described :
- lonization chamber (see section 2.8),

- Aluminium Cathode Electron Multiplier (ACEM),
- Scintillator plus photomultiplier (PM).
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An ACEM [31, 32] issimilar toa PM, with athin aluminium layer on the inside of the
glass tube serving as the cathode. Electrons are produced from the cathode through secondary
emission when it is struck by a stray beam particle, a y-ray, or some secondary particle
resulting from beam loss. Aswith aPM, the gain is high and adjustable over a wide range and
an ACEM is cheap, robust and radiation resistant.

A further very cheap and effective BLM is a combination of a scintillator and a PM as
shown in Fig. 21, [33]. The primary effect here is the production of light.

HV
signal
photomultiplier
R~ scintillator oil

b paint can

Fig. 21 A photomultiplier immersed in scintillator oil is a cheap and fast beam |oss monitor.

With this type, bandwidths of 100 MHz are possible, allowing one to see details such
as loss from only part of the bunch length, as happens, e.g., when a kicker magnet is
incorrectly triggered.

2.10 Gas curtain or jet

In section 2.6 we have seen that a fast wire scanner is a means to measure the transverse
profile of abeam circulating in an accelerator, once or twice per cycle. In a storagering, where
one wants to measure the profile repeatedly over the many hours that a beam circulates, a wire
scanner would cause too much scattering and emittance increase. Only a gas constitutes an even
more transparent interceptor. Figure 22 shows the gas curtain [34] developed for the ISR.
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Fig. 22 Sodium-curtain beam profile monitor, seen in the direction of the Na-jet.

An ultrasonic 2-dimensiona jet of atomic Na isproduced in an oven followed by a
collimation system. The Najet is inclined a 45’ tothe beamdirection. Electrons from the
ionization of Na atoms by beam particles are accelerated by a vertical eectric field, while being
focused along the lines of a magneticfield, also of vertical direction. On the top of the tank
there is a quartz window which on the inner side carries a layer of scintillator (incorrectly often
caled phosphor), covered with a very thin meta layer as anode for the eectric field. The
accelerated electrons will traverse the metalization and produce light in the scintillator, thus



15

forming a 2-dimensional image of the beam cross-section. This image can be viewed with an
image-intensifier TV camera for direct display or with some other device for further data
treatment.

All this sounds easy but in practice is very difficult to redize because of the stringent
boundary conditions. The magnetic field needs to be compensated by additional coils oneither
side of the detector, so as not to perturb the closed orbit. The Na-jet must be extremely well
collimated and entirely collected on the other side to avoid contamination of the vacuum. Its
density must be controlled to constitute only asmall increase in the average pressure of the ring.
Consider the circumference of the ISR of 1 km and an average pressure of 1011 Torr. A Na-
curtain 1 mm thick and of an equivalent pressure of 10° Torr will double the average pressure
around the circumference!

The ISR have been dismantled and the Na-curtain monitor with them. It will probably
remain the only one of its kind, but many lessons have been learnt from its design and
operation.

That a gas curtain must not increase significantly the average pressure around the ring is
a condition even more difficult to fulfill on a smal machine like LEAR, with only 80m
circumference and avacuum in the 1012 Torr range. But some such device is needed there to
observe the fast changes in beam emittance under the action of electron cooling. The solution is
to pulse the gas jet only for a brief interval, when a measurement is made. A pulsed atomic
carbon jet of afew 100 psec duration is produced by directing astrong pulsed LASER beam
onto a carbon target [35]. Otherwise, the device is similar to the one described for the ISR.

2.11 Residual-gas monitors

When neither the residual gas pressure nor the beam intensity are too low, ionization of
the "natural" residual gas may supply electrons in sufficient number and a gas curtain is not
needed. The image appearing on the scintillator will however not be 2-dimensiond, it is the
projection of the beam density distribution onto one plane. Two devices are needed for a
horizontal and a vertical profile [77,78,79].

The lonization Beam Scanner (IBS) [36] is a further device relying on residua gas. It
employs atime-varying electric and a static magnetic field, at right angles to each other and to
the beam, to guide the ionization electrons towards a collector or electron multiplier. Although
a precise instrument for low intensity beams, the IBS is too easily perturbed by the space-
charge fields of intense beams.

Instead of collecting electrons from the ionization, one can also observe the light from
de-excitation of the residual gas atoms[37]. Thisisachieved more easily at thelow energies of
apre-injector (500-800 keV) combined with the prevalent modest vacuum.

2.12 Scintillator screens

Scintillators were the first particle detectors, a century ago. When accelerators, instead
of cosmic radiation and radioactive samples, began to deliver particles, scintillators were the
prime means to detect the existence of a beam and its location. Although many people turn up
their nose at them as an old-fashioned relic from pioneer days, scintillator screens are till dive
and not beaten in their simplicity, cheapness and power of conviction. Even today, where
everything gets digitized, data treated, fitted, smoothed, enhanced and finally displayed (or
perhaps just because of that?), there is nothing as convincing as aflash of light, dead on the
centre of ascintillator screen.



16

After that philosophica excursion, back to technical matters. Fig. 23 shows a typica
arrangement for measuring beam position and, less quantitatively, size. A scintillator screen
(sometimes incorrectly called phosphorescent or luminescent) is moved into the path of the
beam. It is inclined at 45° to the beam, carries a graticule and is illuminated through a smdll
window in the tank. Through another window, at 90° to the beam direction, a TV camera will
see a 2-dimensional image of the beam cross-section. Figure 24 shows a verticaly moved
screen in its tank.

The most common scintillator used to be ZnS powder which, with some binder, was
painted onto a meta plate. Such screens deliver green light and have high efficiency but are
unfit for usein high vacuum and are burnt out at some 1014 protons/cm? at GeV energies.

A great step forward was the formation of thick Alo03 layers on auminium plates under
simultaneous doping with Cr [38]. Chemically, thisisthe same as ruby and the light emitted is
red. These screens are fit for ultra high vacuum and have along lifetime (1020 to 1021 p/cm? a
50 MeV). Recent use is described in Ref. [39].

scinlillalor screen

beam >
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TV camera

Fig. 23 Typica arrangement for observation of beam position and size with amovable
scintillator screen and a TV camera.

Fig. 24 Scintillator screen made from a Cr-doped Al>03 plate with imprinted graticule.

At CERN, the most-used screens are now thin plates (1 mm or less) of Cr-doped AbO3
which can be obtained from industry in al sizes with a graticule and other references printed
directly on their surface [80]. The screen shown in Fig. 24 is of that kind and Fig. 25 shows
another one, mounted on the antig:)roton production target of the Antiproton Accumulator. It has
received some 107 pulses of 1013 protons at 26 GeV in a spot of about 3 mm diameter (every
2.4 s during some 6000 h of operation in 1 year), i.e. over 1020 p/cm2. Thiswas and till is the
most important means of keeping the beam on the target with a precision of + 0.5 mm.

Several aspects of the TV camera deserve attention. Often it needs to be radiation
resistant. The model developed at CERN uses nuvistors and stands 108 Rad. Ordinary lenses
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turn brown under radiation. Catadioptric optics do a bit better but when radiation is redly a
problem, one has to buy expensive lenses developed for use in reactors.

For very weak beams a combination image intensifier - Vidicon is used. Beams of 109

protons of GeV-energy in a cross-section of afew cn? are clearly visible. Also, CCD-cameras
offer high sensitivity, but are little resistant to radiation.

TV images may be digitized and stored, for more convenient observation or image
treatment to extract more quantitative information.

Fig. 25 Scintillator plate mounted on the antiproton production target of the CERN
Antiproton Accumulator.

2.13 Scrapers and measurement targets

Incremental destruction of a beam with scrapers permits the determination of the betatron
amplitude distribution of the particles. A scraper with four movable blades (Fig. 26), used in
conjunction with a dc beam transformer, allows measurement in the horizontal and vertical
plane in astorage ring, where there is time to move the blades towards and into the beam.

/1o

Fig. 26 a) Scraper with four blades for horizontal and vertical measurement.
b) Beam intensity vs. blade position. ¢) Amplitude distribution.

Observing the decrease of beam intensity as a blade advances, one obtains the beam size
for agiven fraction of the total intensity and, through differentiation, the amplitudedistribution.
In principle, a single blade in each plane would suffice, but for independent and consistent
determination of the beam centre, two, one on each side, are needed. In the horizontal plane,
the distribution of the particlesis given by the spread in betatron amplitude and by the spread in

momentum. Either one places the scraper where the dispersion is zero or one has to unfold the
two spreads.
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Although scrapers are destructive and slow, they are valuable for their precise and
rliable information. They can serve for the cdibration of non-destructive mittance
measurements, such as Schottky scans of betatron bands (see section 2.14) and for intentiona
limitation of machine acceptance.

The beam particles are not stopped in the scraper blades, they are merely scattered. After
severa traversals of the blades their betatron amplitude has grown beyondthe machine
acceptance and they are lost somewhere around the ring. Energy lossin the blades usually plays
alesser role.

On accelerators with their short cycle time and fast-shrinking beam size, scrapers as
described above are not applicable. The same principle can still be employed by driving the
beam into a stationary blade by means of a pulsed closed orbit distortion [40]. Fast
measurement targets have aso been built (Fig. 27). The position of the two blades is pre-
adjusted and then the target is flipped into the beam in a movement perpendicular to the plane of
measurement. I nterception times of only afew ms are thus achieved.

Fig. 27 Fast flip-target. The position of the blades is preadjusted outside the beam.
2.14 Schottky scans

Thistechnical jargon term means scans in frequency, using a spectrum analyzer, of the
Schottky signals emanating from a circulating beam. Schottky signals are & thebasis of
stochastic cooling but their great potential for diagnostic purposes was soon recognised [41].
This subject has become quite vast and here we can only point out some salient features.

Consider asingle particle, circulating in a storage ring and observed with anided pick-
up (PU) of infinite bandwidth. The signal delivered by the PU is aseries of delta-function-like
spikes, spaced by 1 revolution period tyey, as shown in Fig. 28 a. A spectrum analyzer then
displays what is shown in Fig. 28 b: a series of spectra lines, spaced by the revolution

frequency frev.

Fig. 28 a) Timedomain : signal on aPU from asingle circulating particle
b) Frequency domain : corresponding spectrum.

In a beam there are many particles and since there is aspread in their momentum, there
will aso be a spread in their revolution frequency. The observed Schottky signal can be
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regarded as the sum of dl individual signals or as the noise stemming from statistical density
fluctuations [42]. The spectrum will be as in Fig. 29, with bands instead of lines, their width
proportional to h = f/frev and, provided the vertical coordinate is the spectral power density, dl
of equal area. From such a scan, frey, Afrev and (assuming n = [df/f]/[dp/p] is known) Ap are
immediately obtained.

A signal
o) ‘ I rev
Fig. 29 Schottky scan of a many partlcle beam with aspread in momentum and therefore in
frequency.

The area of each band is a measure of beam intensity. Extremely low beam intensities
can thus be diagnosed with Schottky scans, after calibration against a beam transformer a
higher intensities. At the CERN Antiproton Accumulator Complex, where 106 to 108 1t are
injected per pulse, the fluctuation in the intensity measurement by Schottky scan corresponds to
104 1. The most sensitive measurement to date was performed on an experimental coolingring,
ICE. In the course of an experiment to set anew lower limit on the lifetime of the 1, a beam of
250 1t was made to circulate and after 86 h there remained 851t The error on these numbers
was estimated to +13 1t[43].

Some further illustrations of what can beseen with Schottky scans : Stochastic
momentum cooling is beautifully demonstrated in before/after scans (Fig. 30a); Fig. 30b
assembles graphically the various parts of the beam in the Antiproton Accumulator as they are
indeed displayed by a spectrum analyzer.

Schottky scans are usually made at high harmonics of fre,. Firstly, for a given resolution
in Afyey, the required scan time is proportional to 1/f. Secondly, one often usesthe signal from
aPU that drives the stochastic cooling. There, a high bandwidth is desired and therefore the PU
is more sensitive at high frequencies [44, 45].
density

r\ 1095 /Hz

\
| 10
\

p——t

stack tall
wemtAbt ol o]

o N precooled
— / A "wre Y . /O decelerate

v Injected
3 7
10

a. b. rev. frequency

Fig. 30 &) Schottky scans before and after momentum cooling of 6 x 106 1t in the Antiproton
Accumulator. The scan ismade around h = 170, at 314 MHz. b) The various parts
of the rtbeam in the same machine, as Schottky scans show them.

A position-sensitive PU will deliver Schottky signals from the betatron oscillations.

With abeam centred in the PU and perfect balance and linearity, the harmonics of fe, Will not
be present. The spectrum (Fig. 31) consists of bands centred at the values

fm= (M= Q)frey
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where m is the mode number, O, 1, 2, ....

r T i Y T T
0 7 2 3 4 5
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Fig. 31 The signa from a position-sensitive PU contains the frequencies f, of the "betatron
sidebands'. Here, the non-integer part of Q is0.35 or 0.65.

The non-integer part of Q (or its complement to 1, see section 2.17) is thus measured.
The width of the bands, together with the knowledge of Ap and the chromaticity of the
maching, &, yields AQ. It is an interesting exercise to show that a particular relation between m,
Q, n and ¢, leads to a vanishing width of the band at f, (Appendix 3).

There existstoday an important literature on diagnostics with Schottky signals. To that
already quoted we add Ref. [46] and, as the most recent and comprehensive one, Ref. [47].

2.15 Synchrotron radiation

What is a curse for the acceleration of eectronsand positrons is a blessing for
diagnostics. Synchrotron radiation [48], similar to Schottky noise, is a fairly ideal source of
information, it is there for the taking (although the taking may be quite expensive).

Despite the subject's great importance for diagnostics[49, 50], we will be brief here,
since it was treted a the same School [51]. Let us just recal two essentia features:. At
practicaly al electron synchrotrons the spectrum includes the visible range and the light is
emitted into avery small angle, roughly Eo/E.

For diagnostic purposes, light is extracted from the accelerator and transported to the
measuring equipment by means of various optical elements, such as windows, mirrors, lenses
and fibres [52]. Thereceiversare TV cameras, CCDs, photo diodes (single or in an array), etc.
The information drawn may be asimple, but very instructive, TV image on which one can
visualy follow the evolution of beam size; it may be a precise profile measurement; it may be a
bunch length measurement with ps resolution which needs extremely fast oscilloscopes or a
streak camera (that's where it gets expensive). Descriptions of such systemsare found in Refs.
[53, 54, 55]

In the context of synchrotron radiation, because of the dependence on (E/Eg)4, one
tendsto think only of electrons. However, at the highest energies achieved inthe last decade or
S0, even protons come up againgt this effect. Not so much yet that it would be a curse, but
some blessing is aready there. Synchrotron radiation induced by the abrupt change of field a
the ends of the bending magnets was detected at the 400 GeV CERN SPS and used for profile
measurement [56]. The addition of an undulator [48] provided the necessary enhancement of
emission for continuous profile monitoring of the proton and antiproton beams, when the SPS
was used as a 270 GeV collider [57].

2.16 LASER Compton scattering

Compton scattering is the exchange of energy between aphoton and a moving particle
when they encounter each other, as shown in Fig. 32a. The highest gain of energy for the
photon will occur in a head-on collision, for which the anglea goes towards zero. A photon of
afew eV, in the visible range, encountering a multi-GeV eectron or positron, may thus be
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propelled to energies of several GeV.

When one shines LASER light onto an electron beam, the resulting high energy y will
accompany the beam until the next bending magnet, where they will fly straight on (Fig. 32 b).
By detecting only they of highest energies, one selects those which have the same direction as
the electron which they had encountered. One can thus measure the density distribution of the
electron beam, either by scanning the beam with afine LASER beam, or by illuminating it fully
and evenly.

be10re @m—— e AN LASER bending
electron phoiton beam magnet 7
many GeV few eV counter
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Fig. 32a) The mechanisrﬁ of Compton scattering. b) Shining LASER.Iight on an electron beam
produces high energy y, which fly straight on at the next bending magnet.
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Compton scattering is used with success for the measurement of electron and positron
beam profiles [58, 59, 81]. For proton beams its use is hindered by the fact that the event
cross-section isinversely proportional to the rest mass Eo.

2.17 Q-measurement

Q, the number of betatron oscillations per revolution in a circular machine, is redly a
property of the machine rather than of the beam, although an intense beam, through the forces
which its own charge produces, can influence it. The exact value of Q is of great importance in
modern machines in which beams may be kept circulating for hours while being subjected to
strong non-linear forces, stemming from their own charge or from the second beam in a
collider. Sometimes, variations of Q by afew 0.0001 of aninteger decide about the well-being
of the beam.

A straightforward way to measure Q isto let a bunch of particles perform a coherent
oscillation, e.g. by misadjusting injection conditions, and measure the position on al PUs
around the ring for one turn. Subtracting from these readings the previously measured closed
orbit distortion, normalizing to the square-root of the betatron function ateach PU and plotting
the result as afunction of betatron phase, one obtains a sine-curve, the frequency of which is
easily judged to 0.05 of an integer. A merit of this method is that it yields the full value of Q.
That is no mean feature, as there have been cases where even the integral part of Qwas not as
expected (no names shall be mentioned).

A similar method isto deform the closed orbit by means of a single dipolar bump. The
change in closed orbit, treated as above, yields a sine-curve with a kink at the location of the
bump [60].

Usualy, Q is measured by observing the signal from a single PU which, a each
revolution, records the position of the beam, excited somehow to perform a betatron oscillation
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(Fig. 33).

PU

Fig. 33 A single PU records the position of an oscillating beam at every revolution.

As an example, Fig. 34 shows in big dotsthe position of an oscillating bunch on six
subsequent turns. Intuitively, one would draw a sine-curve through the data points and obtain
the one labelled 0.23. However, sine-curves of other, higher, frequencies also pass through the
same data points. Two, labelled -0.77 and 1.23, are shown, but it istrue for al frequencies

fm=(M=Q) frey

wherefrey is the revolution frequency and m the mode. These are the "betatron sidebands” of
section 2.14 and Fig. 31.

—t

miQ= 0.23 1.23 =077 =
ig. 34 Beam position on six subsequent turns and the three lowest-frequency fits.

Analysis of the signal from asingle PU can deliver very precise results, to a few 0.0001
of an integer, but says nothing about the value of m. As a consequence, not only the integral
part, [Q], remains unknown, one can aso not distinguish between q = Q-[Q] and its
complement 1-q (0.23 and 0.77 in Fig. 34). In order to determine whether q is above or below
0.5, one may change thefocusing properties of the machine (e.g. the current in the F and D
lenses) and observe in which direction this shifts the frequencies f,,, or one resorts to one of

the two first-mentioned methods.

The methods using the signal from a single PU are many. They differ in the way in
which the beam is excited and in whichthe signal isanalyzed. Historically, the first method
was to excite abeam by applying an rf voltage to atransverse kicker (a pair of electrodeplates,
Fig. 35a). Scanning with the rf generator, onefound the frequencies im a which beam loss
occurred, hence the term "rf knock-out”. Today, one does it more gently, by detecting resonant
excitation at harmlessly small amplitudes [61].

Often the beam is excited by asingle kick lasting for afraction of the revolution time
[62], (Fig. 35 b). A filter selects a suitable fm for measurement with a counter, after a delay to

allow the filter transents to die away. In selecting the band fm to be measured, one must
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consider length and shape of the kick, since the "response function” depends onthem [63]. As

can be seenin Fig. 36, it may vanish for certain combinations of parameters, and there will be
no signal at the output of thefilter.

kicker PU beam kicker PU beam
— - — -
rf gen. detect. pulser filter
||
A / Y
\ /
AN 7 @ counter
a. b.

Fig. 35 Q-measurement. a) RF excitation; a feedback loop may provide lock-on.
b) Application of asingle short kick.

Alternatively, one may digitize the raw signa from the PU and obtain the frequencies fm
through mathematical analysis of the data, usually by Fast Fourier Transform, (FFT).

No excitation at dl is needed when one observes the Schottky noise, see section 2.14
and Ref. [47].

Further variants are described in Refs. [61, 64, 65].
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Fig. 36 Response function (vertical axis) for arectangular kick, as afunction of
fm/frev (I€ft axis) and tyjck/trev (right axis).

2.18 Emittance measurement

Any beam-size measurement on a circulating beam is a the same time an emittance
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measurement by virtue of the relation
e=2a2lpB

where € is the emittance, a the half-width or -height of the beam and 3 the value of the beta-
function at the place where a is measured. The definition of € and a is often a source of
confusion and needs to be specified clearly.

On beams circulating in storage rings one can observe the betatron bands in the Schottky
noise. The area of a band is a measure of the rms betatron amplitude and an emittance can be
derived after calibration, e.g. with a scraper, see section 2.13 and Ref. [47].

In transport lines, more than one beam-size measurement is required. For an
unambiguous determination of size and orientation of the emittance ellipse, the beam size needs
to be known at least a three locations, with known transfer matrices between them and,
optimally, a betatron phase advance of 60° [66]. A particularly simple case, as it occurs around
a "wast", is shown in Fig. 37. One might think that, because of the symmetry, two
measurements would suffice. The third measurement is needed however, to verify that a
symmetric Situation has indeed been obtained. The most-used device for this purpose is the
SEM-grid (see section 2.5).
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Fig. 37 Emittance ellipses at three locations: at awaist and 60° in betatron phase to either side.
Transforming the size-defining lines a1, ap, c1, Co to location b, defines the emittance
there.

At lower energies, e.g. a the output of a 50 MeV linac, the technique of phase space
scanning can be used [67] (Fig. 38).

One arranges for the beam to be fairly wide in the plane inwhich the emittance is to be
measured. A dit selects a narrow dice in X, the transverse coordinate. That dice is left to
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diverge over a drift space. Its extension in x' is thus transformed into an extension in X,
measured with a profile detector, e.g. a SEM-grid. Scanning the beamover the dit by means
of two bending magnets, for every x the extension in x' a the dit isobtained, and the
emittance, whatever its shape may be, can be constructed.

1 ' profile
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Fig. 38 Phase-space scanning to measure emittance. Above, the basic layout;
underneath, the phase-space situation at the dlit and at the profile detector.

2.19 Measurement of energy

In acircular machine with well-known orbit length, the energy may be derivedfrom the
measurement of revolution frequency, either by counting, when the beam isbunched, or from
Schottky scans, when the beam is coasting.

The energy spread, AE, of a bunched beam can be inferred from the bunch length,
knowing the rf voltage and the factor n (see section 2.14). For coasting beams it is the width,
Af, of aharmonic band, together withn which givesAE. All thisisbasic accelerator physics.

Spectrometers are the evident means to measure the energy and its spread at the output
of linacs.

Let us follow the beam as it makes its way through the set-up shown in Fig. 39. The
axis of the beam, x = 0, shall be the path taken by a particle of central momentum, . To begin
with, one produces a wide beam, from which adit selects a small sample (a). After a drift
space, a D-lens greatly increases the divergence of the sample (b) which, after a further drift
space, permits an F-lens to rotate the sample such that its width is large and its divergence
small (c). Thisisthe situation at the entrance to the bending magnet. At itsexit we show three
beams : the middle one represents the particles with momentum pp; the one above those with
momentum po - Ap, more strongly bent; the one below those with momentum po + Ap, less
strongly bent; Ap is shown as the smallest resolved momentum bite. One sees immediately that
for good resolution one needs a small sample emittancee, alarge beam width w in the bending
magnet and alargeangle ¢ :

0
Ap=—-
P

which explains what we have done to the beam sofar. The separation in x' of the three
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representative beams must now be converted into a separation in x, so that it can be measured.

First, an F-lens introduces a strong convergence (e) and after a fina drift space the desired
separation in X is achieved at a profile detector placed there (f). Overadl, one might see this as a
highly chromatic imaging of the dit onto the profile detector.

Such spectrometry is relatively easy to perform on 50 MeV protons but becomes
difficult with increasing energy. Not only because the magnets will necessarily bebigger, but,
more basically, because it becomes impossible to make a dit which, on the one hand, is thick
enough to stop the particles outside the wanted sample, and, on the other hand, constitutes a
[imit only in x and not in X'

N ‘a
== N off

d e f

Fig. 39 Above : Basic layout of a spectrometer. D : defocusing lens, F : focusing lens, B
bending magnet. Underneath : the dStuation inphase space a the six significant
locations a- f.

2.20 Polarimetry

Sometimes the experimental physicists delight in polarized beams and the accelerator
physicists strive to provide them. A beam is said to be fully polarized, P = 1, whenthe spin of
al particlesin it is pointing in the same direction, up or down. A beam is unpolarized, P = O,
when the spins of the particles do not have a preferred orientation, half of them will be up, the
other half down.

Polarized beams are not easy to produce. Also, polarization may be lost during
acceleration, on so-called depolarizing resonances. P is therefore a quantity to be monitored al
aong, from the source until deivery to the physics experiment. As announced in the
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introduction, this is too specialized a subject for an introductory course. We will just mention
three kinds of methods and refer to the literature.

Firstly, P can be measured in the physics experiment itself, through the asymmetry in
the scattering of the beam particles or in the products of their collisions with target nucleons
[68, 69]. This accurate determination can serve as a calibration for other methods.

Secondly, athin fibre can be brought into the beam, even into the fringe of a circulating
beam, and the asymmetry in the scattered particles observed (Mott scattering) [69, 70].

Thirdly, the cross section for Compton scattering depends on the polarization of both the
particles and the photons. By shining polarized LASER light onto a circdating beam, P can be
determined [58, 71, 72, 73].

3. CONCLUDING REMARKS
I would like to conclude with some advice, first on the technical-operationa level.

It isimportant that calibration, automatic or on demand, can be performed remotely and
without interruption to the operation of the accelerator. This applies particularly to beam
transformers and position pick-ups.

Status signals must indicate the good order of a device and permit remote fault
diagnosis.

Diagnostic systems usualy rely for data processing and display of results on a small
local computer or are linked to a larger central controls computer. | consider it important that
the software, which contains the understanding of the measurement and determines theway in
which the desired information is extracted, be conceived, if not written, by the person who has
concelved the diagnostic device.

Lastly, and this is true for al components of a machine: good documentation is
indispensable for efficient use of the systems and for their maintenance.

In a more genera vein, it is no idle advice that before designing the diagnostic
equipment for a machine, one should first acquaint oneself with the machine and its possible
modes of operation and with the properties and behaviour thebeam may show under various
conditions. One will take into account not only the "nomina" beam, but also what it might be
likein an early stage, the running-in, of the machine and under abnormal conditions, when one
is particularly dependent on diagnostics.

Onewill think of tricky measurements the machine experimenters will want to carry out
in order to further performance and basic knowledge, but equally consider the needfor precise,
unfailing and easily perceived information during routine operation.

Often diagnostic equipment is added on a an advanced state in the design of an
accelerator. That iswrong. Diagnostic systems must be included in the design at an early stage,
otherwise only too often one finds that no space is|eft at the best suited locations, or even none
at all.

Another important aim, when building a new accelerator, is to have a complete set of
diagnostic systems tested and ready for use onthe day of first beam. Not only is adequate
equipment with diagnostics essential for an efficient running-in of the accelerator, it isalso an
economic investment in terms of time, pain and ssmply cost of electricity that it helpsto save.
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APPENDIX 1
INTERACTION OF BEAM PARTICLES WITH MATTER

Several kinds of detectors rely on the interaction of the beam particles with matter,
gaseous or solid. The effects made use of are:

- ionization of gas (residua or molecular jet),
- "secondary emission” of electrons from surfaces,
- production of light (scintillation; in gases, liquids and solids).

All these effects result from the same basic mechanism, transfer of energy through
Coulomb-interaction from a beam particle to a shell electron, and therefore exhibit a common
functional behaviour.

Consider a beam particle passing close to an atom, at high speed, suchthat the particle's
direction and the "impact parameter" b, i.e. the minimum distance between theparticle and the
concerned shell electron (see Fig. 40), change little during the encounter.

roton
P Bc S
y |
b
F “e electron
vy
Fig. 40 Encounter between abeam particle and a shell electron. F : Coulomb force, b: impact

parameter.

Integrated over the encounter, the longitudinal component, Fs, of the Coulomb force averages
to zero, whereas the transverse component, Fy, does not and will impart a transverse
momentum, py, to the electron :

+o00

I Fydt =py

thus exciting or even ionizing the atom.

From this simple picture we learn the first important fact : electrons are mostly produced
at right angles to the direction of the beam (head-on collisions, for which b is very small, with
forward-produced electrons, are very rare). The distribution of electron energies extends to
very high values, but the bulk of the electrons has energies below 20 eV. On average, a
relativistic proton loses some 100 eV per encounter.

In Ref. [83] there is a beautiful derivation of this process and of the Betheformula,
describing the rate at which the beam particle loses its energy. In Gaussian units:
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dE z2e* 0 2my B o
-B 0

ds m[3 0
Up

> [n
U
2]
or much simplified = const. p— IHE—E

aoms/cm3
atomic number _
ionization potential of material traversed

density

where

O —NZ

charge number

relativistic parameters } of beam particle
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electron mass
elementary charge
velocity of light

o o3

This formula shows us the second important fact, namely the dependence on 2. Anion
with charge z will produce z2 as much light in a sci ntlllator or as many secondary electrons
from afoil, as a proton of the same speed 3. Seen per charge of the particle, i.e. for the same
electrical beam current, the factor is z.

The third important information is the dependence of dE/ds onthe particle's energy.
Figure 41 shows this in the often used definition of "dE/dx", normalized to the density of the
materid traversed. For most materids the minimum dE/dx is around 2 MeV/g/cm2
Characterigtic is the sharp increase with decreasing energy (the reason for the so-called "Bragg
peak" at the end of the particle's range), which makes low energy particles much more efficient.

SOT dE/dx [MeV/g/cm?]
204
10T
as
sl g
2 -
Ein (GeV)
1 ; t : f {
0.01 01 1 10 100 1000

Fig. 41 Typica energy loss of aproton in matter, asafunction of kinetic energy.
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APPENDIX 2
STATISTICAL LIMIT IN PROFILE MEASUREMENTS

Transverse beam profiles are often measured by collecting electrons or photons,
produced by the beam's particlesin agas, from afoil or on a scintillator. The collection occurs
into channels, the width of which is given either by the design or by the spatial resolution of the
device.

When the beam is very weak, one increases the gain of theamplifiers, with the limit
usually seen in the electric noise of the circuits involved. Thereis, however, amuch more basic
limitation due to the finite number of electrons or photons collected and the statistical nature of
their production.

Let us assume that the projection of the beam's 2-dimensional density distribution onto
one plane has a Gaussian shape (Fig. 42), with o the standard deviation or rms-width.

X +o00

dn_ 1 o 202 with I@ dx =1
dx

dx  2m

-26 -¢ 0 +0 +2g0

Fig. 42 Distribution of a Gaussian profile over channels 0.20 wide.

Within acertain time interval, which may be the desired measurement time or simply the
time that the beam lasts, the total number of electrons or photons reaching the detector is Niot.
Let ustake a channel width of Ax = 0.20. The 20 channels between x = -20 and x = +20 will
collect 0.95 Nyqt electrons or photons. Consider the central channel, from x = 0 to x = 0.20.
The number it collectsis

Nc = 0.083 Niot

The statistical fluctuation on N¢is /N and isalso called "sampling fluctuation”. As an
example, let us demand a 5% accuracy on the measurement of central density :

\N¢/Ne=0.05 therefore N¢ = 400

Since Niot = N¢/0.083, we need for a"good" profile measurement at least
Niot = 4800 electrons or photons.

Similar exercises can be carried out for other criteriafor a"good" profile measurement,
resulting in specific compromises between spatial and time resolution.
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APPENDIX 3
SCHOTTKY SIDE BANDS OF VANISHING WIDTH

In paragraph 2.14, on Schottky scans, we saw that the spectrum of the signal from a
position-sensitive PU contains the frequencies

fm = (M= Q)frev mode number : m=0,1, 2, .. (1)

These are not lines but rather bands of a certain width Afy,, because the beam particles do not all
have the same momentum and both fre, and Q depend on momentum. With Ap the momentum
spread of the particles:

df
Nf =A - m
m p dp

We mentioned the interesting fact that under certain conditions the width of these bands
may shrink to very small values, indeed vanish. This happens when the dependence of {e, and
the dependence of Q on momentum (the chromaticity) just cancel each other, so that df/dp =
0. Differentiating Eq. (1) with respect to momentum p :

df m df rey d(m Q)
—N =(mx +f 3
d (m+Q) i T g ©)
df rey dQ
=(m+zQ)—* +f o — 4
(m+Q) =43 * frev > O
. . _dQ

We introduce the chromaticity &= —— (5)

dp/p
and the relation n= Arev /Trey (6)

dp/p

n isafunction of energy, y =E/Eo, and of the transition energy Vir, a property of the machine
lattice

_01 10
=502 v2H (7)
Inserting Egs. (5) and (6) into Eq. (4) :
O =[mQnxg ®
which will be 0 when MxQn=F¢ (9)
or (m-Q)n=2¢ (10)

When condition (10) is fulfilled, the width Afy, of the betatron band will vanish.
Looking for that line in the spectrum and knowing ), one obtains the chromaticity & (or vice
Versa).



